ABSTRACT The influence of surface roughness on the pump performance was deeply analyzed based on computational fluid dynamics (CFD). A series of numerical calculations with different grid numbers, turbulence models, and surface roughness were made for a typical multistage centrifugal pump. Moreover, the external characteristic experiments were also conducted to verify the numerical calculations. The results show that the surface roughness has enormous influences on the pump performance. With the increase of the surface roughness, the head and the efficiency of the pump decreases continuously, but the decreasing rate slows down gradually, and the surface roughness has a greater influence on the efficiency than that on the head. Moreover, the influence of surface roughness on the disk friction loss power is much greater than that on the hydraulic power. Besides, the total efficiency of the pump reduces mainly by decreasing the hydraulic efficiency and the mechanical efficiency, due to the negative effect of surface roughness. In addition, the surface roughness of the impeller and the diffuser mainly affects the hydraulic efficiency, the surface roughness of the shroud's outer wall mainly influences the mechanical efficiency, and the surface roughness of the inner wall of the pump cavity mainly affects the volume efficiency, but the influence of surface roughness on the pump performance is interconnected. Therefore, due to that, it's very difficult to make the precision-machine inside the impeller and diffuser, polishing the impeller shroud and pump cavity is beneficial to improve the pump efficiency and reduce the pump shaft power.
I. INTRODUCTION
Pumps are classified as general machinery with varied applications. According to statistics, the energy consumption of pumps accounts for nearly 22% of the world's energy used by electric motors; thus, pumps have huge energy consumption and considerable energy-saving potential [1] - [7] . In the past several years, an increasing number of energy-saving strategies have been proposed, and end-users have pushed industries and researchers to concentrate on improving the pump efficiency to save energy [8] - [14] . Moreover, multistage
The associate editor coordinating the review of this manuscript and approving it for publication was Zhixiong Peter Li. centrifugal pumps have attracted increasing attention as fundamental elements for providing high-energy liquid recently, which have been used in rural area, field irrigation, geothermal utilization and so on [15] - [24] .
In the early research, developing excellent hydraulic model was the most common way to improve the pump efficiency. However, when the pump efficiency reaches a relatively high condition, it becomes much difficult to do the further optimization work. As with the flow in a pipe, energy loss in the pump depends on Reynolds number and relative surface roughness, so the pump efficiency is obviously affected by some parameters such as pump size, fluid speed, fluid viscosity and surface roughness. Due to that the former VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ third parameters depend on the end-users' requirement, it's rather difficult to make great change for them. As a result, the surface roughness plays a more and more important role in improving the pump efficiency. Stepanov [25] mentioned that, for small centrifugal pumps, the efficiency could be improved by 2% to 4% if the volute channel was cleaned up. Lomakin [26] provided an example of a large casting pump, of which the efficiency increased from 78% to 89% after polishing its flow parts. Li and Wang [27] made the numerical investigation about the effect of surface roughness on one axial pump, and found that the pump efficiency decreased from 84% to 70% when the surface roughness increased from 0 to 0.6 mm, reflecting that the surface roughness had a great influence on the pump efficiency. However, most previous studies only concentrated on the simple influence of surface roughness on the pump's overall performance by doing experiments or numerical calculations, and lacked of detailed analysis how the surface roughness influenced the pump performance. Therefore, it's necessary to make in-depth study, overlaying multiple perspectives, on the relationships between the surface roughness and the pump performance, which is the aim of the present study. At present, Computational Fluid Dynamics (CFD) is frequently used in the simulation of the flow field [28] - [30] . CFD optimization guides the pump optimization by simulating the three-dimensional incompressible flow field of the pump using a high-performance computer [31] , [32] . In recent years, researchers have made the preliminary design and subsequently applied CFD optimization. Wang et al. [33] combined a 3D inverse design method, CFD calculations and multi-objective optimization strategy to construct an optimal design system for improving the performances of a reversible pump-turbine runner. Anagnostopoulos [34] developed a numerical optimization algorithm based on the unconstrained gradient approach and combined with the evaluation software in order to find the impeller geometry that maximizes the pump efficiency. The results verified that the optimization process can converge very fast and to reasonable optimal values. Kim et al. [35] obtained an optimized impeller which satisfied the design specifications according to a response surface method (RSM) analysis, and the performance of the optimized impeller was verified through numerical analysis. Derakhshan et al. [36] developed an efficient and original approach to improve the performance of a Berkeh 32-160 pump based on the Artificial Neural Networks (ANNs) and Artificial Bee Colony (ABC) algorithm. As reviewed above, CFD optimization is not restricted by physical model and test apparatus, which saves time and money substantially. Moreover, most of current numerical calculations can only predict the pump's overall performance, and fall short in detailed analysis of the various kinds of energy losses in the pump.
Therefore, in this paper the influence of surface roughness on the pump performance was analyzed by varying working condition, rotational speed and effecting location of surface roughness. This paper provides a new way to improve the performance of multistage centrifugal pump.
II. SETTING METHODS FOR NUMERICAL CALCULATION
CFD is suitable for simulating the internal flow field of rotating machinery. Nevertheless, the numerical settings of CFD should be selected appropriately to ensure the reliability of results. Therefore, a series of numerical calculations for a typical multistage centrifugal pump were performed using different grid numbers and turbulence models.
A. HYDRAULIC DESIGN OF THE IMPELLER AND DIFFUSER
Impellers and diffusers are the core components of centrifugal pumps. The geometric parameters of impellers and diffusers can be obtained using velocity coefficient method, as shown in Table 1 . The inlet angle of positive diffuser blades has a small value of α 3 = 5 • to extend the flow channel of the positive diffuser. Reducing the outlet angle of the return diffuser blade will help obtain a steeper head-flow rate curve, lower maximum shaft power [37] . Thus, the outlet angle of the return diffuser blades was set to 50 • . Table 1 shows that the two-dimensional models of the impeller and diffuser can be obtained, as respectively shown in Figures 1 and 2 . 
B. ESTABLISHING THE CALCULATION DOMAIN
The stage number of multistage centrifugal pumps depends on user demands. If the flow field of the calculation model with all the stage is simulated, the grid number becomes too large to meet the requirements of a practical engineering application. In addition, multistage centrifugal pumps are more complicated than single-stage centrifugal pumps. The swirling of the inlet flow of the impellers, except for the first one, is caused by the outlet flow of diffusers. The two-stage pump was selected in this study considering the increase of grid number with the increase of the pump stage. This analysis suggests that the predicted external characteristics of the multistage pump depend on the parameters of the two-stage pump, which are shown as follows:
(1) 
C. ANALYZING GRID INDEPENDENCE
The calculation domain should be discretized before simulation based on grids. In this study, the calculation domain was divided into structured grids by ICEM CFD software. Theoretically, the calculating errors would decrease gradually with an increase in grid number; however, too many grids would pose prohibitive demands on computational resources and time. Five grid sizes (G) with the same numerical settings (surface roughness µ = 1 µm) were selected to determine the appropriate grid number. The results under rated flow conditions of Q = 3.3 m 3 /h are shown in Table 2 . Due to that the pump generally works under nearly rated flow condition, so small flow condition and large flow condition are not included herein. It can be seen that the grid size minimally influences the numerical results, and the overall difference is within 2%. The efficiency η and total head H are slightly high when the grid size is relatively large (G ≥ 1.0 mm) and are basically stable when G ≤ 0.8 mm. G is set to 0.8 mm after considering the computational accuracy and time, and the structured grids of the calculation domain are shown in Figure 4 . Of course, 0.8 mm grid size is not a universal principle that can be applied to all scenarios, because the grid size completely depends on the size of the calculation model and the requirement of the grid quality. In principle, grid independence should be made to obtain a suitable gird size for any new calculation models.
D. SELECTING THE TURBULENCE MODEL
A universal turbulence model that is applicable for all flow problems has not yet been formulated; thus, scholars have selected different turbulence models for different turbulent flows. In this study, numerical calculations were performed with ANSYS CFX software, which provides a number of turbulence models. Among the turbulence models, k-ε and k-ω are known to be the most suitable for the internal flow of rotating machines. Therefore, five models, i.e., standard k-ε, RNG k-ε, BSL k-ω, standard k-ω, and SST k-ω, were selected, and their results were compared with the experimental results with the same numerical settings (surface roughness µ = 1 µm). Table 3 shows the numerical and experimental results of the pump with different turbulent models under rated flow conditions of Q = 3.3 m 3 /h. It can be found that, after comprehensive comparison, the prediction by standard k-ε model is closest to the experimental data; thus, this model was selected in this study. 
E. SETTING OF BOUNDARY CONDITIONS
The impeller and the shroud in the pump cavity were based on the rotating reference frame, whereas the other sub-domains were based on the stationary reference frame throughout the entire calculation domains. The interfaces between the impeller and its adjacent sub-domains were set to ''Frozen Rotor'' mode, and the other interfaces were set to ''General Connection'' mode. Moreover, the non-slip walls were selected as the wall boundaries. The open inlet and mass outflow were selected as the inlet and outlet boundaries.
III. INFLUENCE OF SURFACE ROUGHNESS ON THE PUMP PERFORMANCE A. EFFECT OF THE SURFACE ROUGHNESS ON THE HEAD AND EFFICIENCY OF THE PUMP
To study the effect of the surface roughness on the pump performance, different values of the surface roughness (µ = 0, 1, 10, 20, 40 and 80 µm) were selected for the numerical calculation of the five-stage pump. The results were presented in Table 4 . As can be seen, with the increase of µ, H and η continue to decrease, but the decreasing rate of η is significantly greater than that of H , indicating that the pump shaft power is also increasing. In addition, when µ is small, the decreasing rate of η and H reduces significantly, but slows down when µ is large. When µ increases from 0 µm to 80 µm, η decreases from 41.67% to 28.96%, and H decreases from 41.83 m to 35.91 m, with their amplitude decreased by 31.06% and 14.19% respectively. This demonstrates the significant influence of surface roughness on the numerical results. Therefore, in CFD suitable surface roughness should be selected according to the material properties, otherwise significant difference may appear. In this study, the pump was made of PPO (polyphenol oxidase) and stainless steel, where the value of µ is usually within 1 µm. Therefore, in the present study 1 µm is finally selected as the value of the surface roughness. 
B. EFFECT OF THE SURFACE ROUGHNESS ON THE COMPONENT EFFICIENCY AND COMPONENT POWER OF THE PUMP
In order to study the reason why the surface roughness has such a great influence on the pump performance, the external characteristic parameters of the multistage pump was further subdivided. The efficiency of the pump should be divided into three kinds of component efficiencies, while the power of the pump should be divided into two kinds of component power. Ignoring the mechanical friction loss, the detailed parameters of each component efficiency and component power are shown in Table 5 , and the formulas of component efficiency and component power are shown as follows. 
where P is the shaft power of the multistage pump (in W), P m is the disk friction loss power of the multistage pump (in W), P h is the hydraulic power of the multistage pump (in W), P 1m is the disk friction loss of the first-stage pump (in W), P 2m is the disk friction loss of the secondstage pump (in W), P 1h is the hydraulic power of the secondstage pump (in W), P 2h is the hydraulic power for of the second-stage pump (in W), q is the average ring leakage of the multistage pump (in m 3 /h), q 1 is the ring leakage of the first-stage pump (in m 3 /h), q 2 is the ring leakage amount of the second-stage pump (in m 3 /h), η m is the mechanical efficiency, η v is the volumetric efficiency, and η h is the hydraulic efficiency. Figure 5 shows the disk friction loss power P m , the hydraulic power P h and the shaft power P of the pump at rated flow condition with different surface roughness. Combined with Table 5 , it can be found that, with the increase of µ, three kinds of power increase together, but the increasing rate decreases gradually. If µ increases from 0 µm to 80 µm, P m increases from 184.16 W to 341.49 W, and P h increases from 717.66 W to 772.24 W. The increasing amplitudes of two kinds of component power are 85.44% and 7.61% respectively, which indicates that the influence of the surface roughness on the disk friction loss power is much greater than that on the hydraulic power. Figure 6 shows the mechanical efficiency η m , the hydraulic efficiency η v and the volume efficiency η h of the pump at rated flow condition with different surface roughness. Combined with Table 5 , η v is the largest and η h is the smallest among three kinds of component efficiencies. With the increase of µ, three kinds of component efficiencies decrease together, and the decreasing rate reduces constantly. When µ increases from 0 µm to 80 µm, η m decreases from 79.58% to 69.34%, η h decreases from 63.10% to 52.86%, and η v decreases from 82.98% to 79.03%. The decreasing amplitudes of three kinds of component efficiencies are 12.87%, 16.22% and 4.76 respectively, indicating that the total efficiency of the pump reduces mainly by decreasing the hydraulic efficiency and the mechanical efficiency, due to the negative effect of the surface roughness.
C. THE INFLUENCE OF THE SURFACE ROUGHNESS OF THE FLOW PARTS ON THE PUMP PERFORMANCE
In order to study the influence of the surface roughness of the flow parts on the pump performance, the surface roughness were considered on the wall of four main flow parts, namely, impeller (including blade wall and inner wall), diffuser (including blade wall and inner wall), shroud and pump cavity. Different combination cases were calculated, and the value of the surface roughness was 40 µm. In case 1, the surface roughness for all the flow parts was neglected. In case 7, the surface roughness for all the flow parts was considered. In other cases, the surface roughness for some flow parts was considered. The numerical results are shown in Table 6 . Figure 7 shows the head H and the efficiency η of the pump for different roughness groups at rated flow condition. Combined with Table 6 , it can be found that µ will make H and η reduce together. The influence order of µ on H is impeller, diffuser, shroud and pump cavity in sequence, while that on η is successively impeller, diffuser, pump cavity and shroud. However, if the shroud and the pump cavity are both set as rough (In case 6), the comprehensive influence of µ on H is smaller than that of the single flow part (In case 4 or case 5). It indicates that the influence of the surface roughness of the flow parts on the pump performance is not independent, but interconnected. Figure 8 shows the disk friction loss power P m , the hydraulic power P h and the shaft power P of the pump for different roughness groups at rated flow condition. Combined with Table 6 , it can be found that µ will make P m and P increase obviously, while P h almost keeps stable. The surface roughness of the outer wall of the shroud has the most significant effect on P m (Seen in case 4). When case is changed from 1 to 4, P m increases from 184.16 W to 275.20 W. When case is changed from 1 to 7, P m increases from 184.16 W to 291.93 W, and P increases from 901.82 W to 1046.94 W. Therefore, the disk friction loss caused by the surface roughness of the shroud accounts 84.48% of that of all the flow parts, and the disk friction loss caused by the surface roughness of all the flow parts accounts for 74.26% of all the increasing shaft power, which indicates that the increasing shaft power caused by the surface roughness is mainly caused by the disk friction loss which is also mainly determined by the surface roughness of the outer wall of the shroud. Figure 9 shows the mechanical efficiency η m , the hydraulic efficiency η h and the volumetric efficiency η v for different roughness groups at rated flow condition. Combined with Table 6 , it can be seen that the surface roughness of the impeller and the diffuser mainly affects η h . Moreover, the surface roughness of the outer wall of the shroud mainly influences η m , while that of the inner wall of the pump cavity mainly affects η v . The comprehensive influence of the surface roughness of all the flow parts on the pump efficiency is smaller than the sum influence of that of each flow parts, indicating once again that the influence of the surface roughness on the pump performance is interconnected. High power and low efficiency are the main problems easily appearing in the centrifugal pump. The above study shows that the surface roughness has a great effect on the efficiency and the power of the pump. Especially, reducing the surface roughness of the shroud and the pump cavity can significantly improve the pump efficiency and reduce the pump power. Therefore, due to that it's difficult to do the finish machining in the impeller and the diffuser, polishing the outer wall of the shroud and the inner wall of the pump cavity is an effective way to improve the pump performance.
D. THE INFLUENCE OF THE SURFACE ROUGHNESS ON THE PUMP PERFORMANCE AT DIFFERENT FLOW CONDITIONS
According to different working occasions, the flow conditions of the pump will change. In order to further study the influence of the surface roughness on the pump performance at different flow conditions, five flow conditions and two surface roughnesses were selected in the following numerical calculations. The numerical results are shown in Table 7 . Figure 10 shows the head H and the efficiency η of the pump with two surface roughness at different flow conditions. Combined with Table 7 , it can be seen that H and η decreases together after µ is taken into consideration. What's more, with the increase of Q, the negative effect of µ on H and η is enhanced. When Q = 1.65 m 3 /h, the µ of 40 µm will lead to 2.28 m reduction of H and 6.30 percentage points reduction of η. When Q = 5.4 m 3 /h, the µ of 40 µm leads to 7.32 m reduction of H and 13.47 percentage points reduction of η. The results indicate that the larger the flow rate, the greater the Reynolds number, and the improvement of the head and the efficiency is more apparent due to the reduction of the surface roughness. Figure 11 shows the disk friction loss power P m , the hydraulic power P h and the shaft power P of the pump with two surface roughnesses at different flow conditions. Combined with Table 7 , it is found that, with the increase of Q, P m keeps decreasing, while P h and P first increase and then decrease. It indicates that P has a maximum value, VOLUME 7, 2019 FIGURE 11. Pump's disk friction loss power, hydraulic power and shaft power with two surface roughness at different flow conditions. which makes the non-overload characteristic of the pump. After considering the surface roughness, three kinds of power increase together, but the increasing rate remains unchanged with the increase of Q, which declares that the influence of the surface roughness on the shaft power is almost not affected by the Reynolds number. Figure 12 shows the mechanical efficiency η m , the hydraulic efficiency η h and the volumetric efficiency η v of the pump with two surface roughness at different flow conditions. Combined with Table 7 , it can be seen that, with the increase of Q, P m and q decrease constantly, leading to the increase of η m and η v , but the increasing rate decreases gradually. Moreover, there is large volumetric leakage at the front ring of the pump under small flow condition, which leads to that the theoretical flow rate of the pump is close to the optimum flow rate of the impeller at this time. Therefore, η h becomes relatively large under small flow condition and then decreases gradually. After considering the surface roughness, η m , η v and η h reduce together. With the increase of Q, the increment of P m caused by the surface roughness remains unchanged. As a result, the decrement of η m caused by the surface roughness keeps also stable. With the increase of Q, q/Q decreases constantly, so the variation of the volumetric leakage caused by the surface roughness decreases as well, leading to that the decrement of η v caused by the surface roughness decreases. With the increase of Q, the frictional head loss also increases, so the decrement of η h caused by the surface roughness increases instead.
E. THE INFLUENCE OF THE SURFACE ROUGHNESS ON THE PUMP PERFORMANCE AT DIFFERENT ROTATIONAL SPEEDS
Through the above study, it can be found that, with the increase of the surface roughness, the hydraulic friction coefficient of the flow parts in the pump will also increase, leading to the sharp rise of the frictional head loss and the decrease of the hydraulic efficiency. Moreover, the mechanical efficiency is mainly decided by the disk friction loss power, on which there're lots of calculating formulas. Three typical formulas are shown as follow [38] - [40] .
(11)
where R d = 10 6 × ω(D 2 /2) 2 and ω = 2π n/60, ω is the angular velocity (in rad/s), ρ is the density of the fluid (in kg/m 3 ), k = 0.8-1, u 2 is the circumferential speed of impeller outlet (in m/s).
It can be found in the empirical formulas that P m is directly proportional to ρ, n 3 and D 5 2 , and that the effect of the surface roughness is totally ignored. In order to further study the effect of the roughness on the pump performance, three rotational speeds of n = 700, 1400, 2800 r/min were selected for the numerical calculations of the pump at rated flow condition with two surface roughness. The numerical results are demonstrated in Table 8 . It can be seen that P m and P h of the pump with the rough disk are both larger than that with the smooth disk under three rotational speeds. With the increase of n, the increasing rate of P m keeps growing. When n = 700 r/min, the µ of 40 µm will make P m increase from 3.56 W to 4.70 W, which increases by 32.08%. When n = 2800 r/min, P m will increase by 58.52%, which indicates that the increase of the rotational speed will enhance the effect of the surface roughness on the disk friction loss power of the pump [41] . Figure 13 shows the mechanical efficiency η m , the hydraulic efficiency η h and the volumetric efficiency η v of the pump with two surface roughness at different rotational speeds. When µ = 0 µm, with the increase of n, η m , η h and η v keep an increasing trend due to the increase of Re, while η m , η h and η v keep a stable trend if µ = 40 µm. Moreover, when n = 700 r/min, the µ of 40 µm will lead to 5.46 percentage points reduction of η, while η will decrease by 9.21 percentage points if n = 2800 r/min, which indicating the surface roughness has a more significant inhabiting effect on the pump efficiency at high rotational speed. 
IV. COMPARISON BETWEEN THE NUMERICAL AND EXPERIMENTAL RESULTS
Based on the above research, the whole field numerical calculations on the two-stage pump were made with the grid size of 0.8 mm, Standard k-ε turbulence model, convergence precision of 10 −5 and surface roughness of 1 µm. The simulations were performed at five flow points (Q = 1.65, 2.94, 3.3, 3.96, 5.4 m 3 /h). At the same time, the hydraulic models were sent to a pump company in Fujian Province and a five-stage centrifugal pump was manufactured. Then, the pump was sent to the Mechanical Products Testing Centre in Fujian Academy of Mechanical Sciences for the performance testing. As shown in Figure 14 , the test rig is an open-type system, which is composed of two parts, namely, the acquisition system and the water circulation system. A turbine flowmeter was used to measure the flow rate Q with the precision of ±0.3%. Speed of the pump n is measured by a tachometer (PROVA RM-1500, Taiwan) with the precision of ±0.04%. During the experiment, two pressure transmitters (CYG1401) with the precision of ±0.2% were used to measure the inlet and outlet pressure.
The comparisons between the numerical and experimental results are displayed in Figure 15 . In general, the predicted H and η are in good agreement with the experimental results at different flow conditions, particularly at rated flow condition (Q = 3.3m 3 /h) which are almost coincident. Under the non-rated flow conditions, due to the flow separation or recirculation in the pump, there is some discrepancy between the numerical and experimental results, but the deviation is still within 3%. The results show that, based on the whole calculation model and appropriate numerical setting method, it is creditable to predict the performances of multistage centrifugal pump using CFD.
V. CONCLUSION
(1) The surface roughness is proved to have a significant influence on the pump performance. With the increase of the surface roughness, the head and the efficiency of the VOLUME 7, 2019 pump decreases continuously, but the decreasing rate slows down gradually, and the surface roughness has a greater influence on the efficiency than on the head. Moreover, with the increase of the surface roughness, the disk friction loss power and the hydraulic power increase continuously, but the increasing rate decreases gradually, and the influence of the surface roughness on the disk friction loss power is much greater than that on the hydraulic power. In addition, with the increase of the surface roughness, the mechanical efficiency, the hydraulic efficiency and the volume efficiency decrease together, but the decreasing rate reduces constantly, and the total efficiency of the pump reduces mainly by decreasing the hydraulic efficiency and the mechanical efficiency, due to the negative effect of the surface roughness.
(2) The influence order of the surface roughness on the head is impeller, diffuser, shroud and pump cavity in sequence, while that on the efficiency is successively impeller, diffuser, pump cavity and shroud. The surface roughness of the impeller and the diffuser mainly affects the hydraulic efficiency. Moreover, the surface roughness of the outer wall of the shroud mainly influences the mechanical efficiency, while that of the inner wall of the pump cavity mainly affects the volume efficiency. The comprehensive influence of the surface roughness of all the flow parts on the pump efficiency is smaller than the sum influence of that of each flow parts, indicating that the influence of the surface roughness on the pump performance is interconnected.
(3) With the increase of the flow rate, the negative effect of the surface roughness on the head and the efficiency is enhanced, while that on the shaft power keeps stable. What's more, the disk friction loss power of the pump with the rough disk are larger than that with the smooth disk, and the increasing rate of the disk friction loss power keeps growing with the increase of the rotational speed. Additionally, the surface roughness has a more significant inhabiting effect on the pump efficiency and promoting effect on the disk friction loss power at high rotational speed.
(4) Numerical and experimental results are almost coincident under rated flow condition, but there are some minor discrepancies (within 3%) under non-rated flow conditions because of flow separation or recirculation in the pump. Therefore, it is rather creditable to predict the performances of multistage centrifugal pump using CFD based on the whole calculation model and appropriate numerical setting methods.
(5) For general multistage centrifugal pumps, reducing the volumetric leakage loss and interstage leakage loss is the most effective way to increase the efficiency of centrifugal pump. In addition, due to the fact that it is very difficult to make the precision-machine inside the impeller and diffuser, polishing the impeller shroud and pump cavity is beneficial to improve the pump efficiency and reduce the pump shaft power.
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